Radon is the second most important cause of lung cancer, ranked by the World Health Organization as the fifth leading cause of mortality in 2010. An updated database of national radon exposures for 66 countries allows the global burden of lung cancer mortality attributable to radon to be estimated. OBJECTIVE: Our goal was to estimate the global population attributable burden of lung cancer mortality in 2012 from residential radon.
Introduction
Radon is the second most important cause of lung cancer, after smoking (WHO 2006) . Radon-222 and its decay products were classified as a known cause of human cancer by the International Agency for Research on Cancer (IARC) in 1988 (IARC 2012) . Radon-222 is a colorless, odorless, radioactive gas that occurs naturally when the uranium-238 present in rock and soil undergoes radioactive decay. The short-lived radon progeny (or decay products) are also radioactive. The alpha radiation emitted by radon progeny inhaled into the lungs can damage cellular DNA, which can eventually result in clinically evident lung cancer. Radon can accumulate in poorly ventilated buildings, especially in basements, when radon from the ground seeps in through entry points such as cracks in the foundations.
Strong and complementary evidence of the risks of lung cancer from cumulative exposure to radon and its progeny via inhalation have been determined from studies of occupational exposures of uranium miners and residential exposures of the public (Tirmarche et al. 2010 ). An inverse dose-rate effect was reported in the analysis of pooled data from 11 cohort studies of radon-exposed miners reviewed by Lubin et al. (1995) . The risk to miners exposed at lower doses initiated studies of the risk to the general public from residential radon. Evaluation of the lower residential radon exposures of the pooled case-control studies yielded results consistent with those from the miner studies, and showed that the odds ratio of lung cancer generally increased with radon concentration and was consistent with linearity. After adjustments for uncertainties in radon measurements, the excess risk ratio (ERR) was 0.16 [95% confidence interval (CI): 0.05, 0.31] for European pooling (Darby et al. 2006 ) and the excess odds ratio (EOR) was 0.18 (95% CI: 0.02, 0.43) per 100 Bq=m 3 for North American pooling (Krewski et al. 2006) . Recent estimates of ERR per working level month (ERR/WLM) were derived from studies of miners having low radon exposure rates and low cumulative exposures similar to those from residential radon: ERR=WLM = 0:017 (95% CI: 0.009, 0.0035) from three European nested case-control miner studies restricted to cumulative exposures <300 WLM ; and ERR=WLM = 0:013 (95% CI: 0.009, 0.0035) from a German miner cohort with mean cumulative exposure of 17 WLM (range: 0-334 WLM) (Kreuzer et al. 2015) . WLM, working level month, is a cumulative exposure defined as breathing a concentration of 1 working level (WL; 2:08 × 10 −5 J=m 3 ) for a working month of 170 h. (1 WLM = 6:37 × 10 5 Bq=m 3 per hour for equilibrium equivalent concentration of radon.
The global burden from lung cancer mortality is significant and steadily increasing. The World Health Organization (WHO) Global Burden of Disease (GBD) reported that trachea, bronchus, and lung cancers represented 19% of all cancer deaths and ranked as the fifth leading cause of death worldwide (Lozano et al. 2012) . Although the age-standardized lung cancer mortality rate decreased by 9%, the number of lung cancer deaths increased by 57% between 1990 and 2013, primarily due to the aging of the population in low-and middle-income countries (Naghavi et al. 2015) . The goal of this research was to compare estimates of the number, the percentage of total cancer deaths, and the population attributable risk (PAR) for lung cancer mortality in 2012 due to residential radon using an updated global radon database.
Methods

Study Design
The global burden of lung cancer mortality attributed to residential radon was estimated for the 66 countries that have conducted a representative national radon survey. The lung cancer mortality attributable to radon was estimated from the attributable fraction approach, using three different models to calculate the excess rate ratio from radon: the BEIR VI (sixth Committee on Biological Effects of Ionizing Radiation) exposure-age-concentration (EAC) model (NRC 1999) , the Hunter et al. (2013) model, and the Kreuzer et al. (2015) model. Estimates of the mean and 95% CIs were determined for the PAR and the number of lung cancer deaths attributable to radon, with the uncertainty assessed using Monte Carlo simulation with 10,000 replications to sample the national distributions for residential radon and adult smoking prevalence for men and women and probabilistic distributions for the excess rate ratio models.
National Assessment of Lung Cancer Mortality Attributed to Residential Radon
National radon exposure. The International Atomic Energy Agency (IAEA) has summarized the methodology and measurement techniques suitable for indoor radon surveys that are representative of a national or regional population (IAEA 2013 ). An estimate of either arithmetic or geometric mean (GM) national residential radon exposure was included in the updated database if it resulted from a systematic survey using a reliable radon measurement technique. The Medline database was searched on 20 May 2017, using MeSH terms and keywords "Radon Daughters/ or Radon/" and "residential.mp.", published between 2000 and 2017. Of the 1,599 papers identified, 27 were used to update the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) 2000 and 2006 databases (original sources referenced when provided). Radon distributions for the 66 countries included in the analysis are shown in Table 1 and the  references listed in Table S1 . The lognormal distribution [defined by the geometric mean (GM) and geometric standard deviation (GSD)] characterizing the residential radon for each country is sampled in the Monte Carlo simulation to provide a probabilistic estimate of the mean and 95% CIs of the lung cancer mortality attributable to radon. For the 22 countries with incomplete radon data, the geometric standard deviation (GSD) was imputed from the mean based on linear regression of the data from countries reporting both a mean and a GSD.
Lung cancer mortality by smoking status. National lung cancer mortality is reported at the detailed age-and sex-specific country-level in the WHO/IARC GLOBOCAN project for 2012: Estimated Cancer Incidence Mortality and Prevalence Worldwide in 2012 (IARC 2012) . The 10th revision of the International Statistical Classification of Diseases and Related Health Problems (ICD-10) codes for malignant neoplasm of bronchus and lung are C33-34. National smoking prevalence in 2012 among adult men and women, >15 y of age, was obtained from the WHO Global Health Observatory data for prevalence of tobacco smoking (WHO 2012) and is shown in Table S2 . The smoking prevalence for the nine countries missing adult data was imputed from similar countries using linear regression, and thus expected to contribute little to overall uncertainty. Lung cancer mortality was adjusted for smoking using the relative risk of lung cancer mortality for smoker versus nonsmokers and the adult smoking prevalence in each country (Tirmarche et al. 2010; Villeneuve and Mao 1994) . The relative risk of lung cancer mortality for smokers versus nonsmokers (RR e ) by sex and age category reported by the American Cancer Society Cancer Prevention Study (CPS)-II (Thun et al. 1997 ) was used for all countries.
Excess rate ratio. Three different models are used to calculate the excess rate ratio from radon derived from the miner cohort studies because they are characterized by very good radon exposure assessment and annual measurements over long periods of occupational exposure. The BEIR VI EAC model is based on over one million person-years of observation, and the recent Hunter and Kreuzer models are based on low radon exposure rates and cumulative doses that approximate those resulting from lifetime residential exposures.
The models used to calculate the excess rate ratio from radon include: a) the BEIR VI EAC model (NRC 1999) based on 11 miner cohorts, the most complete model that also fits low cumulative exposures; b) the model derived from three European nested casecontrol miner studies restricted to exposures <300 WLM ; and c) the model derived from a German miner cohort having low radon exposures rates, characterized by a mean cumulative exposure of 17 WLM, mean individual average radon exposure rate of 0.2 WL, and mean duration of employment of 10 y (Kreuzer et al. 2015) .
The ERR/WLM is 0.08 (GSD = 1:36) for the BEIR VI EAC model, modified by factors for smoking status, effective exposure duration, exposure-rate effect, and attained age. Central estimates of the parameter values for the modifying factors were derived from an overall fit of the BEIR VI EAC model to 11 miner cohort studies taken from Krewski et al. (1999) , as described in greater detail in Brand et al. (2005) . For the Hunter et al. (2013) model restricted to <300 WLM, the ERR/WLM is 0.043 (95% CI: 0.022, 0.08) and 0.007 (95% CI: 0.002, 0.018), for time since exposure of 5-25 y and >25 y, respectively, and is also modified by a factor for attained age. The ERR/WLM is 0.013 (95% CI: 0.007, 0.021) for the unrestricted Kreuzer et al. (2015) model, based on cumulative radon exposures ranging from 0 to 334 WLM.
The three excess rate ratio models of lung cancer mortality used in this analysis are applied to lifetime radon exposure and assessed for each age group in the population, assuming constant residential radon exposure and a 5-y latency period. The residential radon exposure [in becquerels per cubic meter (Bq=m 3 )] is converted into working level months for use in the miner excess rate ratio models, assuming an equilibrium factor of 0.4 and 7,000 h per year indoors at home lead to 1 Bq=m 3 radon exposure for 1 y equaling 0.0044 WLM at home. The BEIR VI EAC model uses relative weights to progressively diminish the contribution of radon exposure >15 y and >25 y prior to lung cancer, and the Hunter et al. (2013) model reported a contribution at one-sixth for exposure >25 y prior to the outcome (ERR=WLM = 0:007 for exposure >25 y prior). Although double the risk for nonsmokers than current smokers was reported in the Hunter model and a higher risk estimate for non/light smokers than for moderate/heavy smokers was reported in the Kreuzer model, neither model includes a factor for smoking status because the differences were not statistically significant.
Estimates of PAR are derived from the pooled residential studies (adjusted for uncertainties in radon measurement) by first converting each reported ERR to an excess rate ratio using cumulative radon exposure, ERR/WLM. The excess rate ratio for the residential studies was assumed to be contributed primarily from the period 5-25 y prior to lung cancer, with the model extended to lifetime exposure using the estimate reported by Hunter et al. (2013) for exposures >25 y prior to lung cancer of ERR=WLM = 0:007. The estimate for the period 5-25 y prior to lung cancer from the pooled North American study was ERR=WLM = 0:018, based on of ERR = 0:18 per 100 Bq=m 3 radon from Krewski et al. (2006) , and from the pooled European study was ERR=WLM = 0:014, based on ERR = 0:16 per 100 Bq=m 3 radon from Darby et al. (2006) . Attributable number and risk of lung cancer deaths. The excess rate ratio attributable to radon is calculated for each sexage-smoking category and the attributable fraction is calculated using Equation 1: AF = excess rate ratio 1 + excess rate ratio :
The attributable fraction is multiplied by the number of lung cancer deaths for each age-sex-smoking category to determine the number of radon-attributable lung cancer deaths. For each country, Sources of the national radon GMs and GSDs listed in column 2 are described in Table S1 . the PAR of lung cancer mortality is given by the ratio of the sum of the attributable lung cancer deaths (over all age-sex-smoking categories) to the total number of lung cancer deaths.
Validation
The validity of the approach was assessed by comparing the results for Canada for radon PAR of lung cancer mortality from the attributable fraction approach to an alternative life-table analysis. The abridged period life-table approach will use 5-y-age intervals, and age-and sex-specific all-cause and lung cancer mortality rates will be calculated from the census and death database. The probabilities of death reported in the death database were first converted into mortality rates, so that an exposed person's risk can be modeled as the sum of the baseline risk and the risk due to radon exposure, expressed in terms of an intensity ratio. The excess rate ratio used to model the risk due to radon exposure in the life-table analysis is the BEIR VI EAC model described earlier. The probability of surviving to the beginning of each age interval, the probability of dying during the age interval, and the intensity ratio between all-cause and lung cancer mortality are used to determine baseline and exposed life expectancy (LE; LE E ) and lifetime risk (LR; LR E ) of lung cancer. The PAR (Equation 2) is calculated from the population-averaged lifetime risk in the exposed (LR E ) and the baseline lifetime risk for a theoretical unexposed population (LR) as described in Brand et al. (2005) :
Results
The GMs of the national residential radon distributions around the world are shown in Figure 1 . The national residential radon distributions for the 66 countries around the world are listed in Table 1 and the national adult male and female smoking prevalence distributions in Table S2 . Geometric mean radon exposures for the 66 countries ranged from 133 Bq=m 3 for Poland to 5 Bq=m 3 for Cuba, with a median of 38 Bq=m 3 . The median adult smoking prevalence was 35% for males and 18% for females.
The estimates of the national radon PAR of lung cancer mortality for the 66 countries included in the present analysis are listed in Table 1 for the BEIR VI EAC model, the Hunter et al. (2013) model restricted to <300 WLM, and the Kreuzer et al. (2015) model for excess rate ratio. The mean PAR using the BEIR VI EAC model ranged from 4.2% (95% CI: 0.9, 11.7) for Japan to 29.3% (95% CI: 22.9, 35.7) for Armenia, with a median for the 66 countries of 16.5%. The three estimates are consistent, with the median for the 66 countries of 16.5%, 14.4%, and 13.6% for the BEIR VI EAC model, the Hunter model and the Kreuzer model, respectively. One difference between the three estimates results from the higher excess rate ratio for nonsmokers compared to smokers in the BEIR VI EAC model; a higher mean PAR is estimated for Mexico, at 26.7%, than for Romania, at 26.3%, despite Mexico having a slightly lower GM radon than Romania, at 82 and 84 Bq=m 3 , respectively, because the smoking prevalence for males and females are lower in Mexico than in Romania. A lower mean PAR is estimated for Mexico than for Romania using the Hunter model, at 25.9% for Mexico and 26.7% for Romania, and using the Kreuzer model, at 24.9% for Mexico and 25.4% for Romania.
Estimates of the number radon-attributable lung cancer deaths using the BEIR VI EAC model for the 66 countries totaled 226,057 in 2012 are also listed in Table 1 . The most populous country in the world, China, is the country with the highest estimated number of radon-attributable lung cancer deaths, at 94, 931 (95% CI: 8, 999, 227, 236) . The United States is ranked second, with 20,925 (95% CI: 2,137, 51,296) radon-attributed lung cancer deaths in 2012, and India is ranked third, with 15,175 (95% CI: 4,211, 26,612). Radon-attributable lung cancer deaths represented a median of 3.0% of total cancer deaths for the 66 countries, ranging from 7.0% for Poland down to 0.4% for Egypt.
Validation
An alternative life table analysis was conducted for Canada using the 2012 age-and sex-specific all-cause and lung cancer mortality rates, using 10,000 simulations of the BEIR VI EAC model for the excess rate ratio from radon. The mean PAR in Canada for lung cancer mortality from radon was estimated to be 14.7% (95% CI: 2.0, 30.0) from the life table analysis, which was similar to the PAR estimate of 16.3% (95% CI: 2.6, 32.4) from the main analysis for Canada derived from the attributable fraction approach using the BEIR VI EAC model. The life table analysis for Canada estimated PAR for males at 13.2% (95% CI: 1.7, 26.7), for male nonsmokers at 19.8% (95% CI: 2.7, 40.0), and for male smokers at 10.9% (95% CI: 1.4, 22.3) and PAR for females at 16.5% (95% CI: 2.2, 33.3), for female nonsmokers at 21.2% (95% CI: 3.0, 41.9), and for female smokers at 13.4% (95% CI: 1.7, 27.7).
Published estimates of national PAR of lung cancer mortality from residential radon exposure for another eight countries are compared to the estimates from this analysis in Table 2 . The methodologies used in these studies included the attributable fraction approach, the period life table analysis, and one study that used the cohort life table analysis; whereas the excess relative risk of lung cancer from radon was modeled using the estimate from pooled case-control residential studies in Europe and North America based on a 30-y exposure period and the BEIR VI EAC model, which is based on lifetime exposure from extrapolation of miner studies.
Discussion
The estimates of PAR for lung cancer mortality from residential radon for the 66 countries are very similar for the three excess rate ratio models used in this analysis: the median PAR was 16.5% using the BEIR VI EAC model, 14.4% using the Hunter et al. (2013) restricted model, and 13.6% using the Kreuzer et al. (2015) model. The estimates support the use of models based on miner studies, with the two miner models based on low radon exposure rates and cumulative doses that approximate those resulting from lifetime residential exposures yielding PARs close to those from the BEIR VI EAC model. The BEIR VI EAC model is the most complete excess rate ratio model, including factors for smoking status, time since exposure, radon exposure rate, and attained age. The three excess rate ratio models used in this analysis to estimate PAR were based on lifetime exposure, calculated from lifetime risk as presented in Equation 2. Four excess rate ratio models, including the three in this analysis, were used in Hunter et al. (2015) to estimate risk of exposure-induced death from residential radon exposure between 30 and 75 y of age. The fourth excess rate ratio model included in Hunter et al. (2015) was the model derived from the European pooled residential study; after corrections for uncertainties in radon measurement, the European pooled residential radon study estimate of ERR = 0:16 per 100 Bq=m 3 radon exposure 5-35 y prior to lung cancer (Darby et al. 2006 ) was found to be equivalent to an ERR=WLM = 0:12, very close to the ERR=WLM = 0:13 derived from the Kreuzer et al. (2015) miner model based on low radon exposure rates (Hunter et al. 2015) .
The studies of radon-attributed lung cancer mortality in miners were characterized by far superior radon exposure assessment, based on annual measurements of radon for each year a miner was exposed, whereas the residential radon studies relied on only one or two measurements for the entire 30-y period of exposure considered. It is reassuring that estimates of PAR derived from extension of the pooled residential studies, after restriction to the better radon exposure measurement, were comparable though lower (see Table S3 ) than those derived from the miner cohort studies. Any degree of residential mobility has a severe impact on the precision of residential radon exposure in the pooled case-control studies. The excess relative risk per 100 Bq=m 3 radon increased from 8% to 16% when the European analysis was adjusted for the random uncertainties from using limited measurements of residential radon (Darby et al. 2006) . Similarly, after consideration of spatial mobility of participants, the ERR per 100 Bq=m 3 radon in the North American pooled residential study increased from 10% to 18% when the analysis was restricted to individuals with measurements for at least 20 of the 25 y of radon exposure (Krewski et al. 2006) . As noted by Field and Withers (2012) , any remaining nondifferential radon exposure measurement error would tend to Table  S1 . (Plotted using R package rworldmap; R Core Team.) bias the observed association toward the null and it is quite possible that more precise radon measurement in residential studies (such as based on annual radon levels) would result in a higher estimate for ERR. The policy implications from basing decisions on epidemiologic studies with significant measurement error in environmental exposure and outcomes have been discussed recently by Edwards and Keil (2017) .
The Global Burden of Disease Study 2010 (Lozano et al. 2012) reported that the number of lung cancer deaths globally has increased by 47% between 1990 and 2010, to 1,527.1 (95% CI: 1,126.3, 1,779.4) thousand deaths. Tobacco use remains the most important risk factor for lung cancer, but characterizing the contribution of other modifiable risk factors, such as exposure to radon and to outdoor air particulates, is necessary to reduce the burden of lung cancer mortality. The estimates of the global PAF of lung cancer mortality in 2012 from radon, ranging from 16.5% to 13.6%, were comparable to the 12.8% attributable to outdoor air particulates (PM 2:5 ) (Evans et al. 2013 ). This analysis demonstrates that residential radon is a significant and modifiable risk factor for lung cancer mortality worldwide.
The demographics of a country affect the national number of lung cancer deaths. Lung cancer mortality increases with age, so countries with higher life expectancies have a greater number of lung cancer deaths. In 2012, life expectancy was 79 y in the United States and 68 y in India (World Bank 2014). Even though the radon exposure is higher and the population is much greater in India than in the United States, there are more lung cancer deaths attributed to radon in the United States (20,925) than in India (15,175).
The validity of estimating the radon ERR of lung cancer mortality from the attributable fraction approach is supported by the results from the attributable fraction approach and the life table analysis for Canada, with PARs of 16.3% (95% CI: 2.6, 32.4) and 14.7% (95% CI: 2.0, 30.0), respectively. Similar results were reported for the Canadian province of Ontario from a life table analysis (Peterson et al. 2013) (Chen et al. 2012) .
The estimates determined in this analysis were compared with published national estimates of PARs for eight other countries in Table 2 . The estimates in Table 2 determined using the excess rate ratio derived from the pooled residential studies were roughly half those using the BEIR VI models, following the pattern observed for the estimates of PAR determined in this analysis. The PARs determined using the excess rate ratio from pooled residential studies were closer when corrected for uncertainties in the exposure assessment to those using the BEIR VI EAC model for both France (Catelinois et al. 2006) , at 11% and 12%, respectively, and for Germany (Menzler et al. 2008) , at 7% and 12%, respectively. Use of the ERR estimate from the residential studies assumes that radon exposure >30 y prior does not contribute to lung cancer. The BEIR VI EAC model uses relative weights to progressively diminish the contribution of radon exposure 15-24 y prior and >25 y prior to the outcome, and the Hunter et al. (2013) model diminishes the contribution to one-sixth for exposure >25 y prior to the outcome. However, it is not surprising that PAR estimates of lung cancer mortality from radon based on lifetime exposure are higher than those limited to exposure 30 y prior to lung cancer mortality.
The studies listed in Table 2 also used various measures of radon exposure: the arithmetic mean national exposure for the Netherlands and Sweden (Leenhouts and Brugmans 2001) and the radon distribution for the United Kingdom (HPA 2009) and the United States (NRC 1999), whereas regional radon distributions were used for the estimate for France (Catelinois et al. 2006) , Germany and Switzerland (Menzler et al. 2008) , and South Korea (Lee et al. 2015) . The published regional analysis for France reported a smaller PAR estimate (13% vs. 19.4%), whereas the regional analysis for South Korea reported a larger PAR estimate of 22% versus 16.8% when compared with the results from the national analysis used in this study (using the EAC risk model). The estimates from published studies that also used a national analysis were much closer to the results from this study (for the EAC radon model), the United States (13.9% vs. 12.5%), and the United Kingdom (6% vs. 8%). The results of this analysis must be interpreted cautiously due to the uncertainty associated with the national radon exposures. Many countries have not conducted a population representative national survey, and very few countries have conducted more than one representative national radon survey. A population representative national radon survey requires long-term radon measurement, 3-12 months in duration, in several hundred to several thousand randomly selected dwellings. Some uncertainty is also associated with the excess rate ratio model for lung cancer mortality from radon, as indicated by the range in PAR values resulting from the different excess rate ratio models used in this analysis. The use of the BEIR VI EAC model resulted in the highest estimate of median PAR (16.5%) and the use of excess rate ratios based on the pooled residential studies resulted in the lowest estimates (10.4% for North American; 8.4% for European), whereas the excess rate ratio models from the recent low-dose miner cohort resulted in intermediate estimates of PAR [14.4% for Hunter et al. (2013) ; 13.6% for Kreuzer et al. (2015) ].
Representative national surveys of residential radon are required in all countries to better characterize the global burden of lung cancer mortality attributed to radon. Reducing the burden of lung cancer mortality and morbidity attributed to radon will depend on future research into the practical implementation and cost effectiveness of interventions to reduce radon exposures and improved education and awareness about radon. Many countries could benefit from a radon reduction intervention such as the installation of a soil gas membrane at the time of construction, as determined for Norway (Stigum et al. 2003) , the United Kingdom (Gray et al. 2009 ), and Ireland (Pollard and Fenton 2014) . A highly effective intervention, such as active sub-slab depressurization, might prove cost effective in countries or regions with higher burdens from radon-attributed lung cancer mortality and substantial investment in healthcare.
